We review updated understandings of the electronic and atomic structures, relaxation dynamics and spin-multiplicity of self-trapped excitons (STEs) in alkali halide crystals, on the bases of recent experimental results of the STE luminescence. It is pointed out that seemingly complicated diversity in the features of STE luminescence and F-H pair formation can be explained from an unified viewpoint. That is, depending upon the kinds of crystals there can arise the "adiabatic instabilify", which results in multiple local minima on the adiabatic potential ene~g y surfaces (APES's) for the singlet and triplet STE states of the lowest orbital energy. A simple phenomenological model is proposed, which indicates that the electron-hole spin interaction plays an essential role in correlation with the electron-lattice and hole-lattice interactions. The shape of the APES's, the configuration dependence of the electron-hole exchange energy, relaxation dynamics and the structure of STEs are discussed in relation to the bi-stability of paritybroken and -unbroken STEs.
INTRODUCTION
In these several years, relaxation dynamics of excitons in wide-gap ionic crystals has been a subject of extensive studies with respective to so-called "adiabatic instability", which results in the symmetry breaking of the self-trapped exciton (STE) state. As reviewed in the recent monograph by Song and Williams (ref. l), alkali halides are the most attractive materials for which various kinds of studies on the exciton self-trapping and photo-induced phenomena have been carried out experimentally and theoretically over three decades. Nowadays, it has been generally accepted that the adiabatic instability brings great influence on radiative and non-radiative decay processes, and plays an essential role in the formation mechanism of Frenkel defect pairs. A simple explanation for the instability is a pseudo Jahn-Teller s-p mixing by odd parity distortion modes. The idea of this kind of instability was firstly proposed by Toyozawa (ref. 2) , in relation to the formation mechanism of F-H defect pairs, and has been extensively developed to the idea of so-called "off-center STE' by Song and his coworkers (refs.3-5) . In 1990, a key to open a new stage of investigations was discovered in the STE luminescence by Kyoto group (refs.6-8) collaborating with Kayanuma (ref. 9) .
In the present article, we review updated understandings of what happens in alkali halide crystals and how it proceeds immediately after the excitons or electron-hole pairs optically created come to attain energetically more stable situation. One can find a key parameter to understand seemingly complicated diversity in the features of STE luminescence and F-H pair formation in correct way. A general picture to reasonably be imagined is that depending upon the kinds of crystals there can appear multiple local minima on the adiabatic potential energy surfaces (APES's) for the singlet and triplet STE states of the lowest orbital energy. As schematically shown in Fig.1 , the STE configuration in which an electron and a hole are both localized on the same center of symmetry (on-center type) is, in many cases of alkali halides, rather unstable against odd-parity lattice distortion modes, resulting in spontaneous transformation into the asymmetric configuration of a spatially dissociated electron-hole pair (offenter type), or hrther into the nearestneighbor (nn) F-H pair. A simple phenomenological model is also proposed: The shape of the APES'S, the configuration dependence of the electron-hole exchange energy and relaxation dynamics are discussed in relation to the bi-F-H defect pair ' 
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Fig. 1 Schematic drawing of exciton self-trapping processes in alkali halide crystals.
stability of parity-broken and -unbroken STEs. It will be stressed that the electron-lattice interaction, hole-lattice interaction and electron-hole spin interaction cooperatively or competitively play essential roles during exciton selftrapping.
MATERIAL DEPENDENCE OF THE STE LUMINESCENCE SPECTRA
In 1964 Kabler (ref. 10) proved that the host-dependent broad luminescence bands found in alkali halides at low temperature are the result of electrons recombining radiatively with self-trapped holes ( V K centers). The luminescence bands were found to be polarized either parallel (a) or perpendicular (R) to the principal molecular axis of the aligned VK centers. Kabler and Patterson (1967, ref.11) showed that the o-polarized short-lived bands arise from radiative decay of singlet states and the n-polarized, long-lived bands arise from triplet states. One might reasonably expect to find that optical spectra of alkali halide families would be replicated almost unchanged, or be shifted gradually from one crystal to the other in some orderly way. This is really the case, for example, in the fundamental absorption spectra of the evaporated thin films, indicating that elementary excitation itself is in regular order with respect to a different combination of the anion and cation of host crystals (ref. 12) . The reality of the situation of the STE luminescence is not so simple, however: The first is concerned with the variety in the number of STE bands appearing in particular crystals. As seen in Fig.2 where emission and excitation spectra of the STE luminescence in nine crystals, (Na, K, Rb) x (Cl, Br, I) are summarized, the n-band (hatched) appears in all the crystals while the o-band is observed only in five crystals.
That is, the a-band is apparently missing in KCl, RbCI, NaBr and NaI. Moreover, RbI looks like a peculiar crystal, where one can see three intrinsic emission bands. Why does only one band or else more appear in a particular crystal ? Another point not to be overlooked is concerned with the spectral range where the emission bands appear. Usually, the R: emission band is located in the visible part. The Stokes shift relative to the free exciton is dramatic, being at least half the band gap in most cases, and reaching more than 5 eV in KCl and RbCI, for example. But in both NaBr and NaI the n band is located in the ultraviolet part with a rather small Stokes-shift. How can the variety in the magnitude of the Stokes-shift be adequately understood ? In fact, reasons or rules for many of the variations were not obvious in about 20 yr. of inspection. One suspects, therefore, that the bands among which one should look for orderly trends are not grouped along the obvious lines of a and R, or singlet and triplet. Studies on mixed crystals of alkali halides identified both the key parameter and the proper groupings of bands to render the variation in band positions quite logical. Kan'no and coworkers (ref.6) reasoned that if one wants to know how luminescence bands change from one alkali halide to the next, then it should be illuminating to gradually change one pure crystal to the next through progressive alloying, and watch how the luminescence bands evolve. One has the choice of changing the alkali while keeping constant halide, or of changing the halide whtle keeping constant alkali, with different aspects probed in each case. The experiments suggested three categories of STE emission bands in the nine alkali halides (Na, K, Rb) x (Cl, Br, I), designated mainly according to spectral position and the way peaks evolve through the mixed crystal series. These categories are called types I, 11, and 111, in order of increasing Stokes shift energy. For typical example of the experiments, we mention the results of NaBr-KBr mixtures in the following.
In the system NaI,K,Br with x taken from 0 to 1.0, one observes STEs always involving the Bry molecular ion, as its surroundings and the average lattice constant of the crystal are gradually changed. The STE spectra and decay curves are shown in Fig. 3 . For x = 0, the crystal is NaBr, and the band at 4.6 eV is the familiar triplet R luminescence with a lifetime of 490 ns, shown as the shaded part of the decay curve. Actually, these data show something new even for pure NaBr. That is the weak 1.5 ns decay component, which has the Same spectral distribution as the n band (ref. 8) . The surprise in Fig. 3 is that as the potassium fraction x increases, the triplet R band of NaBr turns smoothly and continuously into the singlet o band of KBr ! This is seen both in the spectra and the decay curves. The triplet R band of KBr at 2.28 eV appears at x = 0.6, without any significant precedent in the NaBr spectrum. The 2.8 eV band at intermediate compositions is associated with the sodium impurity-perturbed STE in KBr. Using Nal,KxI mixtures, the bands in NaI and KI were confirmed to be related in a very similar way (ref. 13) . Experiments changing the halogen along the KBrl,Ix system further clarified that the triplet x band in KI has no counterpart in KBr, even in this case where the singlet o band of KI simply corresponds to the singlet of KBr (ref. 14) . That is, the triplet x bands in both crystals must be classified into different categories from each other It is not surprising, then, that one has been unable to perceive clear trends of the n band from one crystal to the next, or of the o band from one crystal to the next. These are evidently not the primary distinguishing-categories, since one polarization or spin state can turn into the other at corresponding energies across alloy diagrams such as Fig. 3 . It appears that there must be something more fundamental distinguishing the ultraviolet bands in NaBr and KBr from the green band in KBr, for example. Since "singlet vs. triplet" and "o vs. x" do not seem to be suitable category names when discussing such trends versus crystal, the ultraviolet bands with small Stokes shift, whether singlet or triplet, were simply assigned to "type I". Only KCl and RbCl do not exhibit type I bands. Band correspondences within the mixed crystal series showed that the xpolarized band called Ex in RbI certainly and the A band in NaCl probably, as well as the x band in KI belong to type 11, whereas the A bands in all. other crystals except NaBr and NaI are type 111. Hence, the 4.6 eV n-band in NaBr and the 2.28 eV n-band in KBr turns out to be types I and 111 under new nomenclature, respectively.
Essentially the same situation has been also confirmed in the luminescence spectra of impurityassociated excitons; bromine or iodine monomer and dimer impurity emission bands in alkali chloride and bromide crystals. Actually the first indication of
PHOTON ENERGY (eV) A typical example is seen in the spectra due to iodine monomers in alkali bromides, i.e., NaBr:I, KBr:I and RbBr:I (ref. 16 ). This is the analogue of the STE luminescence in NaI, KI and RbI. As shown in Fig.4 , one, two and three emission bands, all arising from relaxed excitons with hetero-nuclear halogen core (BrI)-, are located at corresponding energies to the STE bands in the three iodides. Emission bands in 17 different systems except the iodine monomer system in NaC1:I were classified into the same categories, types I, I1 and 111, based on the spectral evolution and band correspondences within the mixed crystal series. (NaC1:I is exceptional because the single band in this system belongs to another category called "NE emission", which originates from the relaxed exciton state of one-center type (ref. 17) ).
PHOTON ENERGY (eV)
Since all STE luminescent states, including the cases of impurity-associated excitons, have been shown to involve halogen pair relaxation of the "Vi' type, there must be some additional degree of relaxation to differentiate the various categories of bands and account for the substantial energy differences between them. Before finding the three categories, Song and Chen (ref. 2 1) . The parameter S is defined as the separation of two adjacent halide ions along a -4 10> row minus twice the halide-ion radius, i.e. the "excess space" measured between hard spheres placed at the ion positions. D is the diameter of the halogen atom. The ratio S/D was originally proposed as a geometric measure of space available for the insertion of an interstitial halogen atom to form an H center, or in the present context, space for the STE to relax off-center. The S/D is a suitable parameter convenient for neat pigeonholing of not only the intrinsic STE bands but also impurity associated exciton luminescence, as described below. We present a new diagram in Fig, 5 , 19) . In the present model, the singlet STE luminescence arises from the same orbital state as the triplet luminescence, but subtle spin interactions may make one of the lattice configurations I, 11, or 111 more favored than another. It is perhaps not the stability of the singlet at the type I configuration that is remarkable and that causes the type I STEs to be predominantly singlets, but rather the instability of the triplet STE at the type I configuration, which goes downhill into the more off-center potential minima. This is just the adiabatic instability discussed by Toyozawa (ref. Fig. 6 , we also present an interesting trend found in the experimentally determined 
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RELAXATION PATHWAY ON APES
One of the recent topics extensively studied is to see how the shapes of the APES's are, how the population is fed into each minimum, and how it decays from there. As already mentioned, the on-or off-center STE is solely realized for S/D < 0.3 or S/D 0.6, respectively. This must be the simple case that a doubly-degenerated minimum is located at the on-or off-center position on the APES's of the singlet-triplet STE pair. However, in crystals with an intermediate S/D value, such as NaCl, KI, RbI, KBr, RbBr, the on-and off-center STEs must coexist, because their STE luminescence spectra exhibit multiple bands of types I and I1 (andor) 111. Interestingly, the type I STEs in these crystals preferentially decay from the singlet state to emit the predominantly 0-polarized luminescence, whereas the type I1 or I11 STEs decay exclusively from the triplet state to emits the sc-luminescence. This suggests that the adiabatic instability and the spin multiplicity of excitons are closely correlated to each other, via the relaxation dynamics.
Kayanuma (ref.9) had already discussed how the different excitation spectra for 0-and sc-luminescence can come about through population dynamics within the off-center model. An interesting point is the fact that the type I band is hardly stimulated in the spectral range of the n=l free exciton (FE) where the triplet a-band of type I1 or I11 is stimulated more efficiently. Matsumoto et al. (ref. 26) have measured the excitation spectra of types I, I1 and I11 STE luminescence in 7 alkali halides using time resolution to distinguish singlet and triplet components of the type4 luminescence, and correcting for both reflectivity and surface dead-layer effects. It was concluded that excitons created in the n = 2 and higher states can readily relax to on-center type-I (singlet and triplet) STEs, as well as type I1 or 111. Between the n = 1 and n = 2 exciton peaks, the yield of type4 luminescence is small irrespective to its triplet component or singlet component, suggesting that the smallest Bohr radios of the n = 1 exciton is essential to trigger very unstable situation toward off-center relaxation. They discussed an overall model of relaxation dynamics, which explains their experiments in a consistent way, by taking the following two points into account: 1) The remarkable contrast in features of excitation spectra between above and below the n=2 FE means that relaxation pathways from the n=l FEs must be different from those from the n=2 FEs and from free electron-hole pairs. Fig. 8(a) . After cascade relaxation within the on-center configuration, a dominant part of the triplet component further relaxes into the off-center minimum along the path shown in (c). The singlet component, however, may stay in the on-center minimum unable to overcome the barrier because the barrier to off-center relaxation in the singlet state must be larger than in the triplet state as mentioned in the next section, giving rise to the fast component of the type I band. When the n=2 FEs are initially created, some part, x, is scattered into the n=l FE state (indicated by a small wavy arrow) but the rest may relax along a path similar to that for the band-to-band excitation. As for the excitation into the n=l FE, singlet FEs are efficiently scattered into the triplet FE state. Finally, major part will be selftrapped preferentially mto the off-center configuration, owing to the steepest gradient along Qos axis, as shown by broken arrows in (b). 
CORRELATION BETWEEN SPIN STATES AND STE STRUCTURES
In this section, we discuss the physical basis of the parity-broken and -unbroken STEs, especially concerning the problem why and how both STEs can coexist in many alkali halides. The key is most probably the electron-hole spin correlation depending upon the off-center lattice relaxation modes (refs.6,9 ration to the off-center configuration, by simulating the singlet APES and the triplet APES. It naturally explains the basic features of how the 0-luminescence from the singlet appears exclusively at the on-center configuration while the duminescence from the triplet arises dominantly at the off-center configuration (shown in Fig. 8(c) ).
In the following, we treat the same problem, but with a different way. We describe a pseudo-potential for the electron phenomenologically by a linear combination of one long range Coulombic potential and two short range Gaussian well potentials. In the on-center configuration, although the hole is represented by the halogen molecule ion X,; the electron is in reality attracted by a pair of half-anion vacancies, each of which contains e/2 of charge. At the center of this region of attractive potential there is a fairly large space occupied by XZ, whose pseudo-potential is repulsive. For the oncenter configuration, therefore, we describe the pseudo-potential for the electron by superposition of two Gaussian well potentials, which are positioned at half-anion vacancies and a Coulombic potential placed at the center of them to represent a long-range part of the potential. The width of one Gaussian well was assumed to increase and that of the other well to decrease both linearly with the increase of the off-center shift, while depths of both wells were set constant independent of the off-center shift. The calculated binding energy of the electron is small and changes little as far as the off-center shift is small, while, as the off-center shift exceeds a critical value, 1 -2 aB, the binding energy begins to drop. It is due to the fact that a Gaussian well with its depth fixed has bound states only when its width exceeds a critical value. Thus when the Gaussian well is not wide enough to have any bound state, the electron is trapped mainly by the long range Coulomb potential whose binding energy scarcely depends on the off-center shift, while when the width of the expanded well exceeds a critical value, the electron begins to be trapped by the well whose binding energy depends on the off-center shift through its width. If an elastic energy, k,2/2, is added, due to the combination of sudden drop of the binding energy at a critical off-center shift and quadratic increase of the elastic energy, the resultant triplet APES has two minima at the on-and off-center configurations (broken curve in Fig. 9(a) ). In Fig. 9(b) , the calculated exchange energy is shown against the off-center shift. It is about 40 meV at the on-and off-center configurations, in good agreement with reported values determined experimentally (ref. 8) . In between, it takes a maximum of more than 100 meV.
Both at the on-(VK+e) and off-center (nn F-H) configurations, overlap of the electron wavefunction and the hole wavefunction is small: For the on-center configuration, the electron wavefunction is very de-localized while the hole one is compact. For the nn F-H configuration, both wavefunctions are compact and sufficiently separated from each other.
Somewhere at an intermediate separation, the exchange energy attain a maximum value because there should be the situation that the electron wavefunction becomes fairly compact but the electron-hole separation is not so large. Solid curve in Fig. 9(a) is the APES for the singlet STE, which was obtained by shifting the triplet APES by the exchange energy. A potential barrier intervening between the on-and off-ceiiter configurations is much larger for the singlet than for the triplet because of the increase in the exchange energy around there. Thus the present model calculation has also demonstrated the conjecture that the exchange interaction of electron-hole pair plays an important role for realizing that the 0 bands appears at the on-center position even then the x band appears from the off-center position (refs.6, 9) .
INSCRIPTION
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